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In this report, the pancornulins are identified as 
DleDlbers of the spr (small, proline-rich) multigene 
family by amino acid sequence and mass spectroDle-
try analyses. One of the pancornulins (14.9 kDa) is 
identical to the protein predicted by spr-1 clone 128. 
The other pancornulins (16.9 kDa and 22 kDa) are 
novel meDlbers of the spr faDlily. IDlDlunoelectron 
Dlicroscopy of purified cornified envelopes with a 
pancornulin-specific antibody established these pro-
teins Dlore definitively as cornified envelope precur-
sors. In addition, two-diDlensional electrophoretic 
analyses of keratinocyte extracts labeled enzYDlati-
cally with dansylcadaverine (to identify aDline accep-
tors) or dansylPGGQQIV (to identify aDline donors) 
showed that both glutaDline and lysine residues 
within the pancornulins participate in the isopeptide 
linkage characteristic of cornified envelope fOrDla-
ne end product of keratinocyte tenninal differen-
tiation is a highly complex, insoluble structure 
termed the cornified envelope (CE). Adjacent to 
the inner leaflet of the plasma membrane, the CE 
is produced by the covalent fusion of both cyto-
solic [1-4] and particulate [5-8] proteins in a reaction catalyzed by 
a membrane-associated transglutaminase [9,10]. The marked de-
gree of insolubility resulting from the unusually high frequency of 
intennolecular isopeptide linkages present in the CE has severely 
hampered studies of the assembly process and the proteins that 
serve as CE substrates. A variety of experimental observations have 
been used to associate proteins with the CE, most based on indirect 
evidence. The most direct evidence that a protein is a component 
of CE is via the ultrastructural localization of a protein to purified 
CE; to date, only involucrin [11], loricrin [8], and cystatin ex [12] 
have been identified as CE components by this criterion. 
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tion. These results contrasted with those obtained 
using involucrin, a proDlinent cornified envelope 
protein shown capable of acting only as an aDline 
acceptor in this systeDl. Novel partial cDNAs ob-
tained after reverse transcription and polYDlerase 
chain reaction aDlplification of total messenger RNA 
with pancornulin-specific priDlers suggest that the 
spr Dlultigene family Dlay be even larger than previ-
ously described. The bifunctional reactivity of the 
pancornulins in cross-linking and the large nUDlber 
of faDlily DleDlbers identified to date suggest that the 
pancornulins and other spr-1-related proteins Dlay be 
Dlore iDlportant in cornified envelope fOrDlation than 
previously considered, perhaps functioning as 
"bridge" Dlolecules during the early phases of corni-
fied envelope asseDlbly. Key words: epidermislkeratinocytel 
transglutaminase. ] Invest Dermatol 104:204-210, 1995 
An experimental system to assess how CE precursors might 
cross-link to one another during the assembly process currently is 
not available. In an effort to develop a system that would allow a 
more direct examination of the role of pancornulin proteins in CE 
assembly, we first needed to isolate pancornulin cDNAs. Reverse 
transcription (R T) and polymerase chain reaction (PCR) amplifi-
cation of total mRNA with pancornulin-specific primers led to the 
isolation of partial cDNAs encoding apparently novel members of 
the small proline rich (spr)-l subclass of the spr family. The data 
reported here suggest an experimentally approachable model of CE 
assembly in which members of this multigene family may serve as 
"bridge" molecules in formation of the CEo Current models of CE 
assembly hypothesize that soluble proteins are involved in the early 
stages of assembly, followed by the incorporation of more insoluble 
proteins at later stages of CE assembly and epidennal differentiation 
[13,14]. 
In a previous paper [15], we reported a successful adaptation of 
dansylcadaverine-based identification of transglutaminase sub-
strates using a monoclonal antibody to dansylcadaverine to detect 
amine acceptor keratinocyte transglutaminase substrates in vitro and 
ilt vivo. With the recent identification of peptides patterned on the 
N-terminus of fibronectin [16-18], which can substitute for pep-
tide-bound glutamine in the trans glutaminase reaction and thereby 
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identify amine donors, the reagents became available to address the 
amine donor/acceptor capabilities of CE substrates. 
The pancomulins are small, basic, cytosolic proteins originally 
identified by their cross-reaction with a monoclonal antibody made 
after immunization with purified CE [2]. The three pancomulins 
characterized in the human keratinocyte NM-1 cell line range in 
molecular weight from 14.9 kDa to 22 kDa [19], have an isoelectric 
point (PI) of appoximately 9, and are expressed in the upper layers 
of the epidermis [2,3]. In addition to histologic localization and 
immuno-cross-reaction with a CE-specific antibody, evidence 
supporting the structural role of the pancomulins as CE compo-
nents included the ability to become cross-linked by transglutami-
nase in vitro. Efforts to immunolocalize these proteins to the CE by 
electron microscopy were unsuccessful with the monoclonal anti-
body HCE-2. 
In the present report, we extended our initial protein studies on 
the pancomulins. Amino acid and mass spectroscopy of proteins 
separated by two-dimensional electrophoresis indicates that the 
pancomulins belong to the spr multigene family. Spr cDNAs were 
isolated by subtractive hybridization of mRN A after ultraviolet 
(UV) C-irradiation of keratinocytes [20] and later associated with 
epidermal differentiation [21]. We have implicated these proteins 
further as CE components by two criteria: 1) ultrastructural immu-
nolocalization of pancomulin to purified mouse CE and 2) analysis 
of potential amine donor and amine acceptor sites within soluble 
keratinocyte proteins using the detection system described above. 
These data, together with previously published characterizations of 
the pancomulins [2,19] and of the multigene family of proteins to 
which the pancomulins belong [20,22] , suggest that the basic, 
proline-rich pancornulins may serve a role in CE formation distinct 
from that of other soluble precursors such as involucrin. 
MATERIALS AND METHODS 
Cell culture The human keratinocyte cell line, NM-l [19,23], was used 
to isolate pancornulin proteins [2]. Cultures were maintained as described 
[19]. Cells were harvested within 1 week of confluence. 
Isolation and Proteolytic Cleavage of Pancornulins The soluble 
lysate obtained after cell lysis with a Dounce homogenizer (30-40 strokes) 
and high-speed centrifugation (35,000 rpm, 45 min) was used to isolate the 
pancornulins. The pancornulins were separated from other cytosolic pro-
teins by two-dimensional electrophoretic analysis using non-equilibrium pH 
gradient electrophoresis (PH 3-10) in the first dimension [24] and 15% 
sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 
the second [25]. The pancornulins were identified by cross-reaction with 
monoclonal antibody 24F10, as described previously [2]. In situ tryptic 
digestion of the pancornulins electroblotted to nitrocellulose was performed 
essentially as described [26], omitting the NaOH wash to minimize loss of 
protein. After digestion, the solution was stored immediately at - 20°C until 
separation of the resultant peptides. 
Reverse-Phase High-Performance Liquid Chromatography (HPLC) 
Separation of Peptides Peptides were separated by narrow-bore 
reverse-phase HPLC on a Hewlett-Packard 1090 HPLC equipped with a 
1040 diode array detector, using a Vydac (2.1 mm X 150 mm) C18 column. 
The gradient employed was a modification of that described [27]. While 
monitoring absorbance at 210 nm, fractions were collected manually by 
peak into 1.5-microfuge tubes and stored immediately, without drying, at 
-20°C in preparation for peptide sequence analysis. 
Electrospray-Ionization Mass Spectrometry Mass spectra were re-
corded on a Finnigan-MAT TSQ-700 (San Jose, CA) triple quadrapole mass 
spectrometer equipped with an electro spray ion source. Fractions were 
brought to a concentration of 50% methanollO.5% acetic acid and infused 
directly at a flow rate of 1 ILl/min. The electro spray needle was operated at 
a voltage differential of - 3 to - 4 ke V. Spectra were recorded by scanning 
the m/z range of 400-2000 in 3 seconds and averaging 16 to 32 scans. 
Computer-aided deconvolution of the resulting spectrum of multiply 
charged m/z peaks to a plot of relative abundance versus mass has been 
described [28]. 
Amino-Terminal Peptide Sequence Analysis Details of strategies for 
the selection of peptide fractions and their micro sequencing have been 
described previously [29]. Samples for amino-terminal sequence analysis 
were applied directly to a polybrene precycled glass fiber filter and placed in 
the reaction cartridge of an ABI Model 477A protein sequencer. The 
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samples were subjected to automated Edman degradation using the manu-
facturer's recommendations. The resultant phenylthiohydantoin amino acid 
fractions were identified manually using an on-line ABI Model 120A HPLC 
and Shimadzu CR4A Integrator. 
Immunolocalization ofpancornulin to CE Newborn mouse epider-
mis was prepared as described [15], homogenized in 50 mM Tris, 2 mM 
ethylenediamine tetraacetic acid buffer, and centrifuged at 100,000 X g for 
30 min. The pellet was used for CE preparation, as described [30] with some 
modifications. Briefly, the insoluble material remaining after boiling in the 
presence of SDS (S X 5 min), sonication (1 X 30 seconds) , and electrodi-
alysis for n h (50 V, 4°C) was electrophoresed for 45 min (SDS-PAGE, 70 
V). The material that did not enter the gel was purified CE, as judged by 
lack of detectable protein staining of the gel. The purified CE was incubated 
in blocking solution (1 % bovine serum albumin in Tris-buffered saline with 
Tween 0.01 % for 4 h, at 4°C, washed with Tris-buffered saline with Tween 
0.01%, incubated overnight (4°C) with 22-kDa-specific antibody (22P, 
1 :15,000 dilution) or with preimmune serum (1 :7500 dilution) , and washed 
extensively with Tris-buffered saline with Tween 0.01 %. The CE was then 
incubated overnight (4°C) with gold-conjugated anti-rabbit IgG (Amer-
sham, 1:25 dilution,S nm gold particles). The pellet was washed, fixed with 
Karnovsky's fixative and osmium tetroxide, dehydrated, and embedded in 
Epon for electron microscopy. 
Amine Donor/Acceptor Labeling Synthesis of the peptide dns-PG-
GQQIV has been reported previously [18]. Dansylcadaverine (Sigma) was 
stored in dimethylsulfoxide at 150 mM. Post-confluent cultures of the 
NM-l cell line (grown as described previously [19,23]) were homogenized 
in 50 mM Tris, pH 8.3, 2 mM ethylenediamine tetraacetic acid, 2 mM 
phenylmethylsulfonyl fluoride, and 1 ILg/rnl each of leupeptin, pepstatin, 
antipain, and chymostatin (TE buffer). Homogenates were pre-incubated 
with dansylcadaverine (1.5 mM) or dns-PGGQQIV (1 mM) at 37°C for 10 
min; CaCl2 and dithiothreitol were then added (see legend to Fig 4). The 
reactions were quenched by the addition of ethylenediamine tetraacetic acid 
(20 mM) after 90 min of incubation at 37°C. The supernatant obtained after 
centrifugation (12,000 X g) was examined by SDS-PAGE (12% or 15% 
polyacrylamide slab gels, as described by Laemmli [25]). Two-dimensional 
separations were done according to O'Farrell [31] or O'Farrell, et al [24]. 
Gels were either stained with Coomassie blue R-250 using a colloidal blue 
system [32] or transferred to polyvinylidene fluoride membranes using a 
semi-dry transfer system (Integrated Separation Systems). The membranes 
were probed as described [33] with specific antibodies to dansyl (rabbit 
polyclonal, purified IgG, 1:5000 [34]) , involucrin (mouse monoclonal, 
ascites, 1: 1 000 [33]) and the pancornulins (mouse monoclonal, ascites, 
1:500 [2 ,3 ]). 
Isolation and characterization of partial cDNAs Total mRNA was 
isolated from NM-l cultures (harvested within 24 h of confluence) by 
oligo-dT affinity chromatography of total RNA purified through a 
cesium chloride cushion [35]. The mRNA was reverse transcribed with 
a 39-mer of the following sequence: 5' - cgcgggctcgagctgggctggggxtggag 
tgacxgttga-3'. The underlined sequence was generated from an amino 
acid sequence specific to the 22-kDa pancornulin, STVTPGPAQ. The 
cDNA was amplified by PCR using the primer described above and a 
4 2-mer, 5' -cagacxttctacxccaccccctcagcttcagcagcaggtg-3 " based on the 
22-kDa pancornulin-specific amino acid sequence, QTFTPP-
PQLQQQQV. The symbol "x" represents degenerate base-pair sites in 
the synthesized primer. The following conditions were used in the PCR 
reactions: denaturation, 93°C, 1 min; annealing, 45°C, 1.5 min; and 
elongation, n oc, 1.5 min (35 cycles). An additional elongation was 
continued at n oc for 10 min after cycling. The PCR products (approx-
imately 200 to 250 bp) were electrophoresed, gel purified, and cloned 
into a Bluescript vector (Stratagene). Clones containing inserts were 
sequenced bidirectionally by dideoxynucleotide chain termination using 
a Sequenase kit (USB). Sequence computations were performed at the 
National Center for Biotechnology Information using the BLAST net-
work service. 
UVC Irradiation ofKeratinocytes A xenon arc lamp (1000 W, Oriel 
Corp. , Stratford, CT) was modified with filters and absorbers as described 
below. A dichroic mirror was placed at a 45° angle to eliminate most of the 
visible and infrared wavelengths. The resulting UV light was purified 
further by placement of a 10-nm bandpass filter centered at 254 nm (Oriel 
Corp.). The energy spectrum of the final output was a smooth peak 
between 240 and 270 nm, peaking at 254 om, as measured with a model 742 
scanning spectroradiometer (Optronics Laboratory, Orlando, FL). Energy 
output was monitored just before use with an IL-1700 radiometer equipped 
with a UVC sensor (International Light, Newburyport, MA). The irradi-
ance at the cell layer was 0.5 mW /cm2 • Just-confluent NM-l cultures were 
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Figure 1. Comparison ofspr-l-deduced proteins with the pancor-
nulins. The amino acid sequence analyses of selected pancornulin peptides 
after separation by HPLC are compared to the proteins deduced from the 
spr-l cDNAs [20]. The complete sequence of spr-1 clone 128 is presented 
as a reference [20]. Changes in the amino acid composition of the 
pancornulins relative to the protein deduced from this clone are shown in 
boxes; differences in predicted amino acid composition of the other spr-1 
cDNAs described [21] are indicated by the appropriate letter designation. 
irradiated for 7 seconds with 0.5 m]/cm2 /second (total irradiation = 3.5 
m]/cm2) as described [20]. Cultures also were processed as described [21], 
with the exception that the blots were probed with the pancornulin 
monoclonal antibody, 24F10 [2]. The integrated density of pancornulin 
bands was measured by two-dimensional scanning densitometry (Molecular 
Dynamics, Sunnyvale, CA). 
RESULTS 
The Pancornulins Are Related to the SPR Multigene 
Fantily 
14.9-kDa Pancornulin: The basic (PI approximately 9) charge and 
relatively small size of the pancornulins allow isolation of these 
molecules by two-dimensional electrophoresis. Eluted proteins 
were digested with trypsin before sequence analysis (Fig 1) and/or 
mass spectroscopy analysis (Fig 2); only tryptic fragments with 
absorbance greater than 18 rnA U were analyzed. Amino acid 
sequence analyses (Fig 1) showed that the pancornulins are highly 
homologous to putative protein products of the spr-l subclass of 
the spr multigene family [21]. The partial amino acid sequence 
obtained from the 14.9-kDa pancornulin is identical to that de-
duced from the nucleotide sequence of spr-l clone 128 (Fig 1 and 
[20]). In Fig 2, the molecular masses of 14.9-kDa tryptic peptides 
analyzed by electro spray-ionization mass spectrometry are identical 
to those predicted from simulated tryptic peptides of spr-1 clone 
128. The sensitivity of this analysis was within 0.5 Da and thus 
provides compelling evidence that the 14.9-kDa pancornulin is the 
protein product of spr-l clone 128. When the intact protein was 
subjected to automated Edman degradation, the N-terminal of the 
14.9-kDa pancornulin was shown to be blocked. 
16.9-kDa Pancornulin: The data obtained from tryptic peptides of 
the 16.9-kDa pancornulin showed a high degree of homology (89% 
identity, 93% positives) with proteins predicted from the spr-1 
SPR- l clone 
128 
PancorD.ulin. 
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Figure 2. Electrospray-ionization mass spectrometry analyses of 
14.9-kDa and 16.9-kDa pancornulins. The molecular masses of pan-
cornulin pep tides were compared to those of tryptic pep tides predicted from 
a complete simulated digest of the protein deduced from spr-1 clone 128 
(top). The peptides from each protein were numbered consecutively in order 
of elution from the HPLC column. Fractions containing more than one 
peptide are denoted by a letter symbol. The molecular masses of the 
peptides are shown within the parentheses. The 14.9-kDa peptides are within 
0.5 Da of those predicted from the spr-1 clone 128 protein. The molecular 
masses of the 16.9-kDa peptides are consistent with the amino acid 
sequence analyses of the respective peptides. 
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subclass. There are at least six differences in amino acid composition 
in this protein compared to the 14.9-kDa pancomulin. The substi-
tution of the He for Val is repeated at least twice in this protein 
leading to a change in the VPEPC*PK (* -H, P or Q) motif present 
in the 14.9-kDa pancornulin to IPEPCQPK. The changes in amine 
acid sequence composition of the 16.9-kDa pancornulin are re-
flected in the molecular masses of these fragments (Fig 2). 
22-kDa Pancornulin: The 22-kDa protein, the least abundant of the 
pancornulins, appeared to be the least homologous member of the 
spr-1 subclass. The amino acid sequence of tryptic peptides ana-
lyzed from this protein showed 76% identity (78% positives) with 
tryptic peptides sequenced from the 14.9-kDa pancornulin (Fig 1). 
Most striking were the apparent absences of both multiple Cys 
residues and the VPEPC*PK motif and the presence of amino acids 
(i.e., Phe, Gly, Tyr) not identified in any of the other members of 
this family described to date. A total of eight two-dimensional gels 
were used to obtain the sequence shown (Fig 1); approximately 1 
mg of cytosolic protein was applied per gel. However, there was 
not a sufficient quantity to subject any of the tryptic peptides from 
this pancornulin to electrospray-ionization mass spectrometry, 
which is indicative of the low relative abundance of this pancor-
nulin. In contrast, the 16.9-kDa and the 14.9-kDa pancornulins 
represent approximately 0.5% and 1%, respectively, of the total 
soluble protein loaded under the tissue culture conditions used (see 
Materials and Methods). 
Figure 3. Ultrastructural immunoreactivity of pancornulin-spe-
cHic antibody with purified CEo CE was prepared and reacted with 22P 
or pre-immune serum as described in Materials and Methods. 22P was 
generated by injecting the 22-kDa pancornulin (purified by two-dimen-
sional electrophoresis; see Fig 4) into a rabbit. The antibody cross-reacted 
with a single protein (22 kDa) by one- and two-dimensional electrophore-
sis. A) Mouse CE and 22P (1:15 ,000 dilution). B) Mouse CE and preim-
mune serum (1:7,500 dilution). Bar, 1.5 Mm. 
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Figure 4. Two-dimensional analysis of trans glutaminase substrates using non-equilibrium pH gradient electrophoresis (PI range 4-10) in 
the first dimension and 15% SDS-PAGE in the second dimension. Incubation conditions are outlined in Materials and Methods. Gels were stained with 
Coomassie brilliant blue (left side) or transferred and reacted with antibodies as indicated. Molecular-weight standards (Da X 10-3 ) are shown on the stained 
gels. The photographs in the middle and right columns are enlarged slightly compared to the left, accounting for the apparent discrepancies in molecular weight 
between the standards and the labeled proteins. 
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Figure 5. Two-dimensional analysis of trans glutaminase substrates using isoelectric focusing (PI range 4-7) in the first dimension and 12% 
SDS-PAGE in the second dimension. Incubation conditions are outlined in Materials and Methods. Gels were stained with Coomassie brilliant blue (left 
panels) or transferred and reacted with antibodies as indicated. Note that the mobility of the immunoreactive spots does not correspond exactly to the 
molecular-weight standards (noted at left in Da X 10- 3). Unlabeled immunoreactive spots seen in the dansylcadaverine incubated sample (anti-dansyl) may 
be additional substrates or proteolytic products of involucrin. 
Pancornulin Is Present in Purified Mouse CE The ultra-
structural cross-reaction of the pancornulin-specific antibody to 
purified mouse CE is shown in Fig 3a. The absence of gold 
particles in Fig 3 b when CE was incubated with preimmune serum 
indicates the specificity of binding between the antibody and CEo 
These data are the most direct evidence that the pancornulins are 
components of the CEo 
Relative Amine Donorl Acceptor Characteristics of Soluble 
CE Substrates Pancornulins Act as Amine Donors and 
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Acceptors in This System To address the functional properties 
of pancomulins vis-a-vis the ability of Lys and/or Gin residues to 
participate in isopeptide bond formation, we analyzed proteins 
labeled with dansylcadaverine and/or dns-PGGQQIV (Fig 4, 5). 
Comparisons were made with involucrin, a well-characterized 
substrate that has been associated with the early stages of CE 
assembly based on structural features, solubility and localization to 
the upper spinous layer of the epidermis. The basic pancomulins 
were analyzed for acceptor/donor abilities by two-dimensional 
electrophoresis using a non-equilibrium pH gradient in the first 
dimension and SDS-PAGE in the second. Figure 4 shows both 
dansylcadaverine and the dansyl peptide-labeled proteins of 22 
kDa, 16 kDa, and 14 kDa (middle), identified as the pancomulins 
by crossreaction with the pancomulin monoclonal antibody (right). 
The pancomulins thus are capable of acting as both amine donors 
and amine acceptors in vitro. A 38-kDa protein that labeled with 
both dansylcadaverine and the dansylated peptide also was identi-
fied. The additional immunoreactive spots present in the dansyl-
peptide-incubated sample (anti-dansyl antibody) may represent 
additional substrates, proteolytic products, or isoelectric variants. In 
the system used in these studies, the very basic pancomulins run off 
of the first dimension in the time it takes to resolve involucrin at its 
proper pI range. For this reason, two-dimensional gels using 
isoelectric focusing in the first dimension were used to make 
comparisons with involucrin. 
Involucrin Acts as an Amine Acceptor in this System: Figure 5 shows 
proteins separated by isoelectric focusing (pI range 4 -7) in the first 
dimension and SDS-PAGE in the second dimension. The middle 
section identifies dansylcadaverine-labeled proteins of 140 kDa, pI 
4.5 and 38 kDa, pI 6.8. The 140-kDa moiety is identical to 
involucrin, as shown at the right. These data confirm that involu-
crin functions as an amine acceptor [1], but show no evidence that 
Lys residues within this protein act as amine donors. The 38-kDa 
protein also labels with the peptide (Fig 4, bottom middle), which 
identifies this protein as capable of acting as both an amine donor 
and amine acceptor. Other dansylcadaverine-Iabeled spots present 
(i.e., that present at approximately 34 kDa, pI approximately 5) 
may represent additional substrates or products of proteolysis. 
Discrepancies in spot size between gels in Figs 4 and 5 are due to 
differences in loading; visualization of the pancomulins with Coo-
massie blue requires more heavily loaded gels. 
Induction by UVC Light To assess the relative response of the 
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Figure 6. Modulation of pancornulin expression by UVC irradia-
tion. Total protein was extracted and analyzed by SDS-PAGE (15% 
acrylamide) as described [21], except that HCE-2 was used as a probe [2] . 
Left lanes: immunoblot with or without UVC irradiation. Right lanes: silver 
stain of total protein showing equal loading of protein per lane. Cultures 
were harvested 6 h after UVC irradiation. 
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Nucleotide Sequences of Pancornulin RltpCR Products 
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Figure 7. Sequence analysis of RT-PCR products. Nucleotide se-
quences of clones 824, 816, and 859 obtained by RT-PCR with 22-kDa-
specific primers are compared to spr-1 cDNA clones . The complete 
nucleotide and amino acid sequences of spr-1 clone 128 are shown [19]. 
Nucleotide and deduced amino acid substitutions of other clones are 
indicated below spr-1 clone 128 by appropriate symbols. Amino acids in 
boxes correspond to relative positions of 22-kDa peptide fragments com-
pared to spr-1 clone 128 [20] used to generate oligonucleotide primers. 
pancomulins to UVC light, the experimental conditions described 
for the isolation and expression of the spr multigene family [21] 
were reproduced carefully in NM-1 cultures (Fig 6). The 22-kDa 
and 16.9-kDa pancomulins were quite sensitive to UVC irradia-
tion, showing inductions of five- to sixfold, compared to the 
induction of the 14.9-kDa protein (about threefold). The magni-
tude of the induction of the 14.9-kDa protein was similar to the 
induction observed at the mRNA level (data not shown) and to that 
reported previously for spr-1 mRNA [21]. 
Novel Spr-Related cDNAs One initial step in establishing an 
experimental model system to examine the role of the pancomulins 
in CE assembly is to obtain the appropriate cDNAs. The nucleotide 
and predicted amino acid sequences of clones obtained by R T -PCR 
of keratinocyte mRNA with pancomulin-specific primers are pre-
sented in Fig 7. A total of 18 clones were sequenced bi-direction-
ally. Like the pancomulins, the spr-1 cDNAs [20] , and the recently 
described comifin cDNA [22], these partial cDNAs encode puta-
tive proteins rich in proline, cysteine, lysine and glutamine. All 
clones sequenced (Fig 7) varied from those deduced by Kartasova 
et al [20] at amino acids 22 (Glu substituted for Lys) and 76 (Thr in 
place of Be). Sixteen of the clones (collectively represented as 
pancomulin clone 824) differed from published spr-1 sequences by 
only 4 bp; the corresponding amino acid sequence predicted three 
amino acid substitutions (Fig 7). In clone 824, Ser replaced Ala at 
amino acid 80, in addition to the changes described at amino acids 
22 and 76 above. Clone 816 differed from published sequences by 
8 bp; the corresponding amino acid sequence predicted six amino 
acid substitutions. In addition to the replacements described above 
at amino acids 22 and 76, Glu substituted for His at amino acids 42 
and 66, Be replaced Val at amino acid 61, and Thr substituted for 
Ala at amino acid 80. Clone 859 differed from spr-1 clone 128 by 
9 bp, with the same substitutions as described at amino acids 22, 42, 
61, 66, and 76 in pancomulin clone 816. The difference between 
clones 859 and 816 is the Ala predicted at amino acid 80 in clone 
859. The amino acid sequences predicted from these clones do not 
resemble the amino acid sequence of the 22-kDa pancomulin; the 
5 I nucleotide sequence of the 18 clones sequenced indicat.es that the 
partial cDNAs identified encode protein products whose N-termini 
are Pro- Pro- Pro. The failure to identify any clones containing the 
additional 5 I nucl otide sequence present in the 5 I primer that 
would encode the 22-kDa-specific amino acids, Thr- Phe- Thr, and 
Gly (in the 3 I primer) may reflect the low relative abundance of the 
22-kDa mRNA in the spr-1 pool of highly homologous messages. 
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DISCUSSION 
The data presented in this paper identify the pancornulins as 
members of the spr family based on comparison of amino acid 
sequences deduced from the spr-1 cDNAs with sequences obtained 
from tryptic digestion of purified pancornulins. Members of this 
family are rich in proline, cysteine, glutamine, and lysine and 
contain an amino acid motif (VPEPC*PK) that is repeated several 
times throughout the interior of the molecule [21,22]. Members of 
the spr-1 subclass also are sensitive to UVC irradiation [20]. The 
14.9-kDa pancornulin is identical to the spr-1 protein deduced from 
spr-1 clone 128 [20] based on sequence and electro spray-ionization 
mass spectrometry analyses. In addition, the induction of this 
protein (Fig 6) and mRNA (data not shown) in the NM-1 cell line 
after UVC irradiation is similar to that reported for spr-1 mRNA, in 
which primary human keratinocytes were analyzed [21]. Two of 
the pancornulins (the 16.9-kDa and 22-kDa proteins) are appar-
ently distinct from one another and from other reported members 
of the spr multigene family [20]. In addition to the high degree of 
homology with the spr-1 subclass, these pancornulins also are 
induced by UVC light within 6 h of irradiation. 
The residues sequenced from tryptic peptides of the 16.9-kDa 
protein contain high numbers of Pro, Cys, Lys, and Gin but differ 
from other members of the spr-1 family primarily in the substitution 
ofIle for Val, which results in a motif ofIPEPCQPK that is repeated 
at least twice in the molecule (Fig 1). The relevance of the 
VPEPC * PK motif is unknown; however, repeats of this motif have 
been described in at least five members of the spr-1 subclass. This 
finding suggests that the motif may be related to the physiologic 
function of these proteins [21,22]. The highly repetitive nature of 
involucrin, a well-characterized CE protein, is thought to be 
important in formation of the CE [36]. 
Amino acid sequence analysis of the 22-kDa pancornulin indi-
cated that it, too, is a novel member of the spr family of proteins, 
containing amino acids not present in any of the other putative 
proteins. Repeats of the VPEPC *PK motif were not present in any 
of the 22-kDa tryptic peptide peaks analyzed; however, the amino 
acid sequence data available showed that this protein has high 
numbers of Pro, GIn, and Lys residues and a corresponding high 
homology with other spr proteins. 
Immunoelectron microscopy of mouse CE, reacted with a pan-
cornulin-specific antibody, provided direct evidence that these 
molecules are incorporated into CE (Fig 3). The potential role of 
these proteins in the assembly process was examined by determin-
ing their ability to act as amine donors and/or amine acceptors in 
transglutaminase-catalyzed cross-linkage. In the in vitro system used 
in these experiments, both Lys and GIn residues within pancornulin 
molecules and an unidentified 38-kDa protein were capable of 
participating in the isopeptide bond formation characteristic of CEo 
In contrast, involucrin was capable of acting solely as an amine 
acceptor in this detection system. A previous report by Simon and 
Green [37] showed that Gin 496 of involucrin is a preferential 
amine-acceptor site in intact involucrin. Other Gin sites became 
reactive only after proteolytic digestion. Before the present report, 
methodology was not available to address the participation of 
peptide-bound lysine residues in CE cross-linking. Our data sug-
gests that although involucrin may have any of a number of 
functions in the final cross-linked product, its primary function 
probably does not lie in the formation of large homopolymers or 
intermolecular "bridge-type" cross-links. The apparent bifunc-
tional capability of the pancornulins along with their solubility and 
detection in the upper spinous layer of the epidermis suggest that 
the pancornulins, like involucrin, may playa role in the early stages 
of CE assembly. 
RT-PCR of keratinocyte mRNA resulted in the isolation of 
partial cDNA clones, which may identify new members of the spr-1 
subclass of cDNAs. These cDNAs encode putative proteins that are 
not only rich in glutamine and lysine residues, but also contain high 
levels of proline and cysteine, similar to the amino acid sequence of 
PANCORNULINS AND CORNIFIED ENVELOPE ASSEMBLY 209 
the pancornulins, proteins deduced from spr-1 cDNAs [20,21], and 
the cornifin cDNA [22]. 
The striking degree of identity within the spr-1 family of cDNAs 
raises several questions. The first concerns the number of highly 
homologous messages apparently present in keratinocyte mRNA. 
Allelic and/or genetic polymorphism may account in part for 
differences in the predicted amino acid composition (i.e., amino 
acids 22, 76, and 80) in the cDNAs described here and in the spr-1 
cDNA clones reported [20]. For example, the amino acid sequences 
predicted from clones 816 and 859 may reflect polymorphism 
within the NM-1 cell line. However, the striking similarity of these 
sequences to the amino acid sequence of the 16.9-kDa pancornulin, 
suggests that these partial cDNAs may encode at least one novel 
member of the spr-1 subclass. 
Data presented in this paper suggest that the pancornulins are a 
functionally important component of the CE by virtue of their 
ability to function as both amine donors and acceptors in transglu-
taminase-mediated cross-linkage and their apparent diversity of 
molecules. How these proteins might affect CE assembly currently 
is speculative, but the data presented here suggest that their 
expression may be more important than originally thought. Both 
soluble and particulate proteins have been identified as CE precur-
sors [1,2,4,7,22]; however, the complete protein composition of 
the CE is not yet known. Expression of the pancornulins and 
involucrin is first detected in the spinous layer of the epidermis [1,2] 
coincident with the production of a "fragile" CE [13]. It is not until 
the keratinocyte reaches the granular layer that another significant 
precursor, loricrin (a hydrophobic Cys-rich protein), and the 
membrane-associated transglutaminase [8,9] are expressed. These, 
along with other CE precursors, result in production of "mature" 
CE [13]. Proteins (i.e., spr-1 proteins) with slightly different amino 
acid compositions may be required during CE formation to provide 
a "scaffold" (i.e., proteins with highly repetitive amino acid motifs 
capable of isopeptide and disulfide bond formation, proximal to one 
another and accessible to the trans glutaminase ) to enhance the 
incorporation of other soluble and particulate precursors. In the 
context of the apparent bifunctional capability of the pancornulins 
in CE formation, the expression of these molecules relatively early 
in keratinocyte differentiation [2], and the apparently large number 
of highly homologous proteins within the spr-1 subclass to which 
the pancornulins belong, comparison of primary and the predicted 
secondary structures of these and other spr-1 family members may 
provide clues to their apparent role in CE formation. 
Identification of specific Gin and Lys residues within the pancor-
nulins involved in isopeptide cross-linkage will extend our present 
understanding of the role these proteins play in CE formation. 
Probes containing unique sequences presently are being used to 
isolate full-length cDNAs containing sequences found within the 
partial clones 824, 816, and 859 described in this report. Isolation of 
the novel spr-1 cDNAs provides an experimental system to test the 
hypothesis that these molecules act as molecular "bridges" in CE 
assembly. 
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